AIM: To design a multi-epitope assembly peptide (MEP) of Acinetobacter baumannii and evaluate its immunogenicity and protective immunity in Balb/c mice.
Introduction
Acinetobacter baumannii is a common conditional pathogenic bacterium which mainly causes hospital infections, such as intubation-associated pneumonia, traumatic infections, urogenital infections and catheter related sepsis [1, 2] . Commonly used antibacterial drugs cannot effectively control A. baumannii related infectious disease because drug resistance of A. baumannii is becoming a very serious issue, especially for nosocomial infections [3, 4] . Vaccination may be an alternative strategy for the prevention of A. baumannii infections. However, there is still no licensed vaccine against A. baumannii.
During the last decade, the development of vaccines against A. baumannii has primarily focused on various forms of recombinant antigens [5] [6] [7] . Animal studies showed that some single recombinant protein based vaccines provided only partial protection against A. baumannii challenge, especially for heterogeneous bacterial strains, therefore the vaccine design needs to be optimised further [8, 9] . Recently, many new approaches to vaccine design have emerged, including the multi-epitope assembly peptide (MEP), which contains B-cell epitopes, T-cell epitopes or other specific residues from several different proteins. This kind of vaccine has been proved effective for the control of several other pathogens in animal models [10, 11] .
Protein FilF is a putative pilus assembly protein located in the outer membrane of A. baumannii, and it was found to be highly conserved among the A. baumannii strains. Animal vaccination with recombinant FilF generated high antibody titres and provided partial protection against a lethal dose of A. baumannii [12] . Another protein, named NucAb, was predicted to possess many attributes of a promising vaccine candidate, such as outer membrane localisation, high adhesin probability, non-homology to human proteins and presence of B-cell and T-cell epitopes with high affinity to HLA alleles prevalent in a North Indian population [13] . Ata is a trimeric autotransporter protein, which is important for biofilm formation, binding to extracellular matrix/basal membrane proteins, and the adhesion of A. baumannii cells to collagen type IV. In a pneumonia model of infection in both immunocompetent and immunocompromised mice, antiserum to Ata significantly reduced the levels of A. baumannii ATCC 17978 and two multidrug-resistant strains in the lungs of infected mice [14] . All these studies indicate that FilF, NucAb and Ata are ideal targets for vaccine design.
In this study, a MEP based on the above described three antigens of A. baumannii was designed, expressed recombinantly and purified, and its immunogenicity and protective immunity were evaluated in Balb/c mice. The results showed that the recombinant multi-epitope assembly pep-Molecular cloning, expression and purification of the rMEP The gene of the designed MEP was chemically synthesised (by Sangon Biotechnology Company, Shanghai, China), and cloned into the sites between BamHIand SalIof plasmid pColdI to construct the recombinant plasmid pColdI-MEP, and thereafter transferred into E. coli BL21. Protein expression was induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at 15°C for 24 hours and analysed with sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). The 6×His-tagged recombinant protein was purified through nickel affinity chromatography. Briefly, the bacteria were harvested from 200 ml of bacteria culture by centrifugation and washed with 1 × phosphate buffered saline (PBS) (pH 7.4); the bacterial pellet was resuspended with 30 ml lysis buffer (20 mM tris-HCl, 8 M Urea, 500 mM NaCl, pH 8.0) and lysed by ultrasound on ice for 20 minutes. The lysis supernatant was collected by centrifugation (10,000×g, 20 min, 4°C). The collected supernatant was loaded on an Ni-NTA column previously equilibrated with equilibration buffer (20 mM tris-HCl, 8 M Urea, 500 mM NaCl, 10 mM imidazole, pH 8.0), the flow-through discarded, and the nonspecific proteins were removed by washing with five column volumes of washing buffer (20 mM tris-HCl, 8 M urea, 500 mM NaCl, 10 mM imidazole, pH 8.0). The bound protein was eluted with elution buffer (20 mM tris-HCl, 8 M urea, 500 mM NaCl, 500 mM imidazole, pH 8.0), eluted fractions were collected and analysed by 12% SDS-PAGE, and the recombinant protein was identified by Western-blot. The purified protein was dialysed in PBS buffer to remove urea and imidazole. Protein concentration was measured by using Bradford Protein Assay kit (Thermo Fisher Scientific Co., Ltd China).
Immunization of Balb/c mice
Sixty-three Balb/c female mice were randomly divided into three groups: an rMEP-immunised group, an adjuvanttreated group and a PBS-treated group. Each mouse in the rMEP group was immunised subcutaneously with 30 μg purified rMEP in 100 μl PBS formulated with an equal volume of Freund's complete adjuvant (Sigma), and boosted with the same dose of rMEP in 100 μl PBS formulated with 100 μl Freund's incomplete adjuvant (Sigma) on days 14 and 21. In the adjuvant-treated group, each mouse was injected subcutaneously with 100 μl Freund's complete adjuvant on the first day and 100 μl Freund's incomplete adjuvant on days 14 and 21. In the PBS-treated group, each mouse was injected subcutaneously with 100 μl PBS on day 0, 14 and 21. Six mice were randomly selected from each group for immunological assay. The other animals in each group were used for challenge testing.
Antibody titre measurement with ELISA Blood and serum samples were taken from the inner canthus of six mice in each group on days 7 and 21after the third immunisation. Sera were tested through indirect enzyme-linked immunosorbent assay (ELISA) to assess antigen-specific antibody titres. Briefly, ELISA plate was coated with 0.2 μg per well of rMEP overnight, and blocked with PBST (0.01 M PBS, 0.05% Tween 20) containing 5% bovine serum albumin (BSA) (w/v) at room temperature for 3 hours. After three plate washes with PBST, 100 μl of 2-fold serially diluted serum samples (beginning at a 1/50 dilution) were added to the corresponding wells and incubated at 37°C for 1.5 hours. The plate was washed three times with PBST, then 100 μl horseradish peroxidase (HRP)-conjugated donkey anti-mouse IgG (BBI Life Science) diluted in PBST (containing 1% BSA, 1/5000 di-lution) was added to each well and incubated at 37°C for 1 hour. After washing three times with PBST, 100 μl of 3,3´5,5´-tetramethylbenzidine (TMB) substrate solution was added to each well, mixed and incubated at room temperature in the dark for 20 minutes, The reaction was stopped with the addition of 50 μl of 2 M H 2 SO 4 , optical density (OD) values were determined at 450 nm on a microplate reader (Bio-Rad iMark). The endpoint titre was defined as the highest dilution at which the OD at 450 nm was at least 0.1 above that of the background well; in the background wells serum was replaced with PBS [20, 21] .
Antiadhesive capacity of antiserum to rMEP
Cell culture plates (96-well) were coated with 5 μg collagen type IV (Sigma Aldrich) per well overnight, blocked with PBS containing 5% BSA for 3 hours at room temperature, washed with PBS three times. To each well were added 5×10 5 colony-forming units (CFU) of A. baumannii cells which had been pre-incubated with either anti-rMEP antibodies or the control mouse serum in a total volume of 100 μl (diluted 1/500 in PBS) for 30 minutes at 37°C and incubated for 1 hour at 37°C. The wells were washed with PBS four times and rinsed with 100 μl 0.25% trypsin solution to release the bound bacteria. The rinsed solution was serially diluted, plated on LB agar plates, and incubated at 37°C overnight. The adherent A. baumannii cells were numbered and calculated.
Antigen-specific proliferation and cytokine secretion of splenocytes Six mice in each group were sacrificed after the second blood sampling taken from the inner canthus. Spleens were taken aseptically and cut into pieces with surgical scissors, and then transferred to a 200 mesh stainless steel net which was put into a 16 cm 2 culture dish containing 6 ml PBS. The spleen pieces were squeezed with syringe needle cores to release the tissue cells and the splenocytes were isolated with commercial mouse lymphocyte separation medium (Sangon Biotch. Shanghai, China). The splenocytes were washed and resuspended in complete RPMI 1640 medium supplemented with 10% fetal calf serum. Splenocytes were seeded in 96-well flat-bottomed plates (100 μl per well of 5×10 5 cells), and rMEP was added at a final concentration of 20 μg/ml (splenocytes from three untreated normal Balb/c mice were used as negative control), After incubation for 46 hours, CCK-8 reagent (10 μl) was added to each well and incubate continued for 2 hours at 37°C. OD values were measured at 450 nm with a microplate reader. The proliferation degree was expressed as the stimulation index (SI) calculated as A450 nm experimental group / A450 nm negative control group. For detection of cytokine secretion, splenocytes were seeded in 96-well cell culture plates (100 μl per well of 5×10 6 cells), and rMEP was added at a final concentration of 20 μg/ml. After incubation for 72 hours, the culture supernatants were collected for cytokine detection. Interleukin-4 (IL-4) and interferon-gamma (IFN-γ) were examined by use of mouse cytokine EIA kits according to the manufacturer's instructions.
Challenge of mice with A. baumannii ATCC19606 strain
A. baumannii ATCC19606 strain was grown in LB broth to the late-logarithmic phase at 37°C. Cells were harvested by centrifugation at 4000×g for 10 minutes, washed and resuspended in PBS. Three weeks after the third immunisation, 15 mice in each group were injected intraperitoneally with 2×10
8 CFU/per mouse of A. baumannii cells. Nine mice in each group were randomly selected for the observation of survival rate everyday post-infection. The other six mice were used to detect the bacterial load in mouse blood 12 hours post-infection and to evaluate pathological changes in lung tissue 24 hours post-infection.
Detection of the bacterial loads in mice blood
Blood samples were aseptically taken from the caudal vein of five mice in each group 12 hours post-challenge, 10 μl of each blood sample was serially diluted with PBS and spread plated on Luria-Bertani (LB) agar plates followed by incubation at 37°C overnight. The colony forming units (CFU) were counted and the total bacterial CFU in 1 ml blood calculated. The results were expressed as the mean of log 10 CFU in 1 ml blood of the infected mice.
Histopathological analysis
Three mice challenged with A. baumannii in each group and three untreated normal mice were sacrificed 24 hours post-challenge, and lung specimens were fixed in 10% neutrally buffered formalin and paraffin embedded. Deparaffinised sections were stained with haematoxylin-eosin and observed under microscope at 100× magnification. The pathological changes were recorded by a pathologist with no prior knowledge of the treatment groups.
Statistical analysis
All the statistical analysis were processed with SPSS software version 18.0 (SPSS Inc, Chicago, IL, USA). Data were analysed with one-way analysis of variance (ANO-VA) followed by Dunnett's test. The data were considered significantly different at p <0.05.
Results
The epitope prediction, the design of the MEP, the expression and purification of the rMEP, the immunisation and the challenge test were independently completed in our laboratory. The pathological changes in the mouse lung specimens were assessed in a teaching hospital of our college. The total number of Balb/c mice used in this study was 72. Nine of these mice were left as the untreated normal mice. Each of the three test groups included 21 mice. Six mice in each test group were randomly picked out for serum IgG, splenocyte proliferation and cytokine secretion assays at days 7 and 21 after the third immunisation. Fifteen mice in each test group were used in the challenge test at day 21 after the third immunisation. Nine mice challenged with A. baumannii in each group were randomly picked out for the observation of survival rate. The other six mice challenged with A. baumannii in each group were used for detection of blood bacterial loads and lung tissue pathology. Because one of the six mice challenged with A. baumannii in the PBS-treated group and one of the six mice challenged with A. baumannii in the adjuvant-treated group died at 12 hours post-challenge, bacterial load data were collected from only five mice in each group. Because three of the six mice challenged with A. baumannii in the PBS-treated group and two of the six mice challenged with A. baumannii in the adjuvant-treated group 
"+" means the peptide can be recognised by antiserum obtained from A. baumannii whole cell protein immunised mice (the corresponding OD value is at least 0.1 above that of the control peptide coated well); "-" means the peptide cannot be recognised by antiserum obtained from A. baumannii whole cell protein immunised mice A 202 amino acid peptide showed high adhesin probability (0.734) was predicted by Vaxign software and selected for the backbone of the MEP. Bioinformatics analysis showed that the 202 amino acid peptide also contained several Band T-cell epitopes of the antigen Ata. Because the 202 amino acid peptide was inevitably to be used as the backbone of the MEP in this study, its B-and T-cell epitopes were not identified. The designed MEP for construction by genetic engineering is shown in figure 1 .
Expression and purification of the rMEP
The corresponding gene of the designed MEP was chemically synthesised and cloned into plasmid pColdI. After DNA sequencing, the recombinant plasmid pColdI-MEP was transformed into E.coli BL21 and induced with 1 mM IPTG. Protein expression analysis showed that the recombinant protein was mainly expressed in soluble form (data not shown). As shown in figure 2 , E.coli BL21 containing pColdI-MEP expressed a recombinant protein with a molecular weight of about 37 kDa, and the recombinant protein could be purified with nickel affinity chromatography column and recognised by anti-6×His antibody. These results demonstrated that the rMEP was successfully expressed and purified. Protein concentration analysis showed that 
Antigen-specific antibody in the serum of the immunised mice
Blood and serum samples were taken from the inner canthus of six mice in each group at day 7 and 21 after the third immunisation. Sera were tested with indirect ELISA to assess antigen-specific antibody titres. The endpoint titre was defined as the highest dilution at which the OD at 450 nm was at least 0.1 above that of the background well; in the background wells serum was replaced with PBS. The log 2 antibody titres were calculated and defined as the antigen-specific antibody level. Mice immunised with rMEP protein produced high level of IgG antibody at day 7 and 21 after the third immunisation ( fig. 3) . No antigen-specific antibody was detected in the serum of the mice from the PBS control group or the adjuvant-treated group (data not shown). Blood samples taken from five mice in each group at 12h post-challenge were serially diluted and spread plated on LB agar plates followed by incubation at 37 °C overnight. The number of colony forming units (CFU) was counted, and the log 10 CFU/ml blood was calculated and compared. The data are shown as mean log 10 CFU ± SD. *** p <0.001 compared with the PBS-or adjuvant-treated groups.
Antibody to rMEP blocks the binding of
Splenocyte proliferation and cytokine secretion Splenocytes were isolated from six mice in each group at day 21 after the third immunisation and cultivated with the stimulation of rMEP. The antigen-specific proliferation of the splenocytes was detected using CCK-8 reagents.
IL-4 and IFN-γ secretion in the cell culture supernatants were detected by means of a commercial EIA kit. Splenocytes from the rMEP-immunised mice showed much a higher antigen-specific proliferation rate than splenocytes from either adjuvant-or PBS-treated mice (p <0.001; fig.  5 ). Splenocytes from the rMEP-immunised mice produced higher levels of IL-4 than splenocytes from the other two groups (p <0.001), whereas IFN-γ secretion showed no difference between the three groups ( fig. 6 ).
Bacterial loads in mice blood
Blood samples taken from five mice in each group at 12 hours post-challenge were serially diluted and spread plated on LB agar plates followed by incubation at 37°C overnight. The number CFUs was counted, and the log 10 CFU/ml blood was calculated and compared. As shown in figure 7, mice immunised with rMEP had lower bacterial loads in the blood than mice from the adjuvantor PBS-treated groups (p <0.001).
Pathological changes in mouse lung tissue
Lung specimens were taken from three mice challenged with A. baumannii in each group and three untreated normal mice at 24 hours post-challenge. Lung tissue sections were stained with haematoxylin-eosin and observed under a microscope. As shown in figure 8 , lung tissue from either the PBS-treated mice or the adjuvant treated-mice showed widespread and severe interstitial pneumonia with intensive infiltration of inflammatory cells, especially in the perivascular areas. Lung tissue from rMEP-immunised mice appeared almost normal, with only very small number of inflammatory cells in the perivascular areas.
Mice immunised with rMEP had a high survival rate post-challenge
The protective efficacy of the rMEP was also determined by observing the survival rate after challenge with a lethal dose of A. baumannii. Nine mice challenged with A. baumannii were randomly selected for recording of survival every day until 10 days after the challenge. As shown in figure 9 , all the mice in the PBS-treated and adjuvant-treated groups died within 72 hours post-challenge. Mice immunised with rMEP showed potent protection (88.9% survival at 10 days post-challenge).
Discussion
Several kinds of vaccine candidates against A. baumannii have been studied, such as inactivated whole cell vaccines (IWCs), outer membrane vesicles (OMVs), outer membrane complexes (OMCs) and subunit vaccines [22] [23] [24] [25] . Active and passive immunisation with IWCs, OMVs and OMCs protected mice against bacterial challenge. However, owing to their complex composition and potential safety concerns, none is the ideal vaccine candidate [26] [27] [28] . Subunit vaccines based on a single recombinant protein or chimeric proteins have been evaluated for their antigenicity and protective efficacy in the past few years, but to date no A. baumannii vaccine has entered phase I clinical trials [29, 30] . More effort needs to be put into A. baumannii vaccine design and development. So, for the first time we designed a multi-epitope assembly peptide based on three proteins from A. baumannii, and its immunogenicity and protective efficacy were evaluated in Balb/c mice.
Antigen and epitope selection is the first critical step in constructing an effective multi-epitope vaccine. The advances in comparative genomics and bioinformatics enable researchers to capture more information for vaccine development [31, 32] . In the present study, we used multiple bioinformatics software for the prediction of B-and T-cell epitopes, which increased the reliability of the predicted peptides. In the subsequent serological and splenocyte proliferation tests, immuodominant epitopes were successfully picked out. The method described in this study may provide reference for future studies. The adhesin active peptide of Ata was predicted by using Vaxigen software. Although a preliminary experiment to identify its adhesin activity was not conducted, the anti-adhesive capacity of antiserum to rMEP confirmed the prediction. To construct an ideal multi-epitope vaccine, the conformation of the recombinant protein is very important. If the recombinant protein is mainly expressed as an inclusion body, the natural conformation is hard to ensure even through refolding experiments, and epitope exposure will be severely disturbed. In this study, a prokaryotic expressing plasmid pColdI was used, and the cspA (cold shock protein A) promoter and related elements have been incorporated into this vector to up-regulate target protein expression at a relatively low temperature (12-15°C). This vector allows expression of target proteins at high yield and increased solubility as compared with conventional E. coli expression systems. The rMEP is mainly expressed in soluble form. This soluble expression ensured the correct conformation of the rMEP, and provided convenience for the subsequent purification and immunisation testing.
High titres of antigen-specific antibody were detected in the serum of mice immunised with rMEP after boosting twice. This suggested that rMEP immunisation was capable of inducing a significant humoral response in mice. The rMEP vaccination induced much higher levels of antigen-specific IL-4 production from splenocytes of immunised mice, whereas the IFN-γ secretion showed no difference compared with the control group, which indicated that rMEP induced a predominant Th 2 -type immune response. The currently available research data indicate that A. baumannii is mainly an extracellular bacterial pathogen, and there is no evidence for the requirement of the CD8 + T-cell mediated immune response in the control of the infection [33] [34] [35] , so we did not involve CD8 + T cell epitopes in the MEP design, and the cytotoxic T-cell response was not detected in this study.
Challenge experiments showed that the rMEP-immunised mice acquired potent protection (88.9%) against A. baumannii infection. The bacterial load in the blood of rMEPinoculated mice after infection was much lower than that of the control group. Almost no pathological change was observed in the lung tissue of the rMEP-immunised mice post-challenge. These results indicate that the high titre of antigen-specific antibody contributed to the potent protection in the rMEP-immunised mice. Previous published data showed that protection in mice immunised with either rNucAb or rFilF was not so satisfactory (20~40% survival with rNucAb immunisation and 50% survival with rFilF) [12, 13] . It can be concluded that the rMEP induced more potent protective immunity than its individual antigens. As we did not compare the immunogenicity and protective immunity of the rMEP with any one of the previously published candidate vaccines, further study will be needed to make this comparison.
In summary, a recombinant multi-epitope assembly peptide (rMEP) from A. baumannii was designed, expressed recombinantly and purified, and its immunogenicity and protective efficacy were evaluated in Balb/c mice. The results showed that rMEP was capable of inducing a remarkable humoral immune response and potent protection against lethal dose of A. baumannii challenge. It can be concluded that rMEP is a promising subunit vaccine candidate for the prevention of A. baumannii infections.
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